Abstract-A customer library of superconducting (Se) components for the PSPICE is under development in our group. The new library includes models of both low and high T, superconductor based components. For large scale applications typical examples of simulated components are: a SC filament, composite wire and tape, a cable, a magnet, a switch, a transformer, a rectifier. Each model can be easily customised for a particular application. When the scheme is ready, it can be analysed using the powerful tools offered by PSPICE. The current status of the theory and model development and a few typical examples together with brief review of the practical conductors are presented and discussed in the paper.
I. INTRODUCTION
For simulating circuits of conventional electronics operating at room temperature the PSPICE software [I] offers extended libraries covering various components.
In the area of superconducting electronics the progress is supported by the availability of proper theory and physical models of Josephson junctions. Codes as JSPICE3, JSPICE and JSIM 121 describing some superconducting devices can be classified as extensions of the libraries already present.
For large scale applications of superconductivity nothing substantial is present yet. Home-made specialised empirical models exist in a few laboratories. In order to survive in the PSPICE environment, the required model of a high current, high field superconductor has to be based on a clear physical theory.
Furthermore, none of the theories can describe equally well a variety of practical components as they are used in applications. The gap between a theoretical model and a practical wire [3] is usually bridged by customised models. This approach is acceptable in PSPICE, but a link to basic theory must be justified.
This paper presents results of theory and model development. Moreover a few characteristic examples of high magnetic field and high current superconductors are presented.
TI. THEORY A PSPICE model of a certain superconducting component must provide reasonable results over the whole range of the operating parameters involved. Thus, for a high current and high field superconductor the electric V-I characteristic as a function primarily of magnetic field, temperature and mechanical strain must be described.
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A. Definition of the problem. Quulitative consideration.
Macroscopically, a hard superconductor is a diamagnetic material, with a relative magnetic permeability pI1. Here 1-1 is an intrinsic physical property in the same sense as for any other magnetic material. When p is defined, it allows to link the magnetic field strength H with the induction B = p M along the field linehore and to couple the electric voltage V= S,*dBldt and the current I=H*l, of the coil wound around the line, via the core impedance Zm=p*Zurr as V=I*Z,. Here cl0 is the permeability of vacuum, t is time, Z,,, is the air core impedance, S, and 1, are the cross-section and path of the magnetic circuit enclosing the field line respectively. Equally, the magnetisation M can be introduced:
. In other words, to describe a voltage-current characteristic of a superconductor the dependence of The original AH theory in particular was developed to model thermally disturbed tunnelling of Cooper pairs in a current biased Josephson junction. In other words, it considers the tunnelling of coupled electric flux quanta between superconductors across the barrier (insulator, normal metal) with essentially lower permittivity. So, the effect takes place not inside, but between superconductors. The tunnelling model is based on the Josephson equations and conservation of the charge. The critical current in the absence of thermal noise is given by the Ambegaokar-
The main objection to apply directly the model for a typical high field superconductor is, that this kind of physical effect is hardly present. Large scale applications of superconductivity are mostly about magnetic, rather than electric flux transformations. To resolve this contradiction, we propose to use the analogy between electric (e-) and magnetic (m-) processes [8] which result in the following approach.
1051-8223/97$10.00 0 1997 IEEE We assume that magnetic flux quanta (or magnetons, msolitons) @o under certain conditions can pair the same way as electrons in a superconductor create Cooper pairs. Flow of magnetons (the rate of it is a magnetic current V,) results in p#1 and differs B from H. Magnetic coupling between two magnetons on both sides of the m-barrier occurs, when amplitudes of their oscillations (wave functions) overlap. This results in pairing of the magnetons and penetration of the coupled magneton into a superconductor. The relevant part of the Maxwell's equations can be written as: 
, is the magnetic flux. The components of V, are due to: V,, -the tunnelling; V, -the thermal noise; V, -the displacement and Vp -the quasiparticle transfer (to be specified by (6)) respectively.
1) Magnetic tunnelling effect and the device:
Consider a magnetic flux (line) enclosed in a (ferro-)magnetic core surrounded by air. Imagine a small (air-)gap across the core filled with a superconductor. In absence of external electrical fields, a tunnelling of magnetic flux (quanta) between (ferro-) magnetic materials across a sufficiently small superconducting (m-) barrier can be described by a set equations dual to the Josephson equations:
Here qm is the magnetic phase difference (on both sides of the barrier), t is time, e is the electron charge, I is the (time dependent) electric current, V , is the magnetic current in the barrier, V,(T) is the temperature dependent critical m-current. A change of the electric flux inside the m-barrier by a single flux quantum (2e) causes one period of a harmonic oscillation of the magnetic flux flow rate (or m-current V,) between the barrier boundaries with an amplitude V, and a frequency I/(2e). Here we accept this approach without further discussion. More details are presented elsewhere [8] .
where L, R are the tunnelling inductance and resistance of the barrier respectively; Vdt) is the time dependent thermal noise voltage with an average value (per carrier) of 4k~T/e. Here kB is the Boltzman constant and T is the temporally average temperature. Equation (6) 
3) Getting a solution:
The sct of equations (5), (6) and (7) 
EXPERIMENT

A. Empirical Models und Data
Due to space limitations, we will illustrate the approach focusing on NbTi alone and will drop similar considerations for Nb3Sn and HTS in favour of the theory. This work has been done as well and will be published elsewhere. More details on the empirical modelling of NbTi, especially for the cables, can be found in [9] .
1) The power law: the V-I characteristic is described by the power law: V=Vo*(I/Z~)N. Here V, is the voltage criterion and I, is the critical current. The N -value is taken both field and temperature dependent based on data in literature and of our own.
2) Critical current versus magnetic5eld and temperature: A summary of the characteristic curves at 4.2 K for a few NbTi conductors currently available is given in Fig. 2 . Best fits for the Standard Reference Material (SRM) based on the two empirical models of Lube11 [9] and Green [1 11 are shown. At higher fields the data are obtained by transport current measurements. At lower fields, the picture is completed by the magnetisation measurements [Is] and our own data. The scaling values of the critical current in Amperes or of the critical density in kA/mm2 at 5 T and 4.2 K, are as follows: 1.1-159 A, 2-3.01; 3-2.45; 4-1.19; 5-854 A; 6-2.76; 7-3.02; 8-1.2 (estimated); 9.1-2.88. The solid line connecting the SRM and the magnetisation data is our fit used in the PSPICE model. The accuracy of the fit of the tansport current data is within 2 % at 4.2 K and within 10 % at 2 K < T < 6 K. 
B. The PSPICE representation 1) General description:
A library of pilot plug-and-play superconducting software components to cover large scale applications is started in PSPICE. Typical examples of such components are: a superconducting filament, a composite wire and tape, a cable, a magnet, a switch, a transformer and a rectifier (more details about the devices are published elsewhere [17] ). Currently three methods of data input into PSPICE are in use: (1) direct input of the experimental data tables; (2) when applicable, by customising the empirical models; (3) via the analytical model, when a satisfactory fit to the experimental data is obtained. Typically, one or two pages of the Schematics are sufficient to characterise the sample completely. The simulation process (as the one described below) takes usually only a few seconds of computer time to come to a solution.
2) The example: A typical (simplified) scheme of a test circuit for a NbTi superconducting component based on a proper model is shown in Fig. 3 (the strain input is blocked for NbTi conductors). The scheme operates with temporally averaged values (in microscopic sense). By changing only the initial boundary conditions and links between the sources, one can simulate a transport current, magnetisation, or a relaxation experiment when slightly adjusting the circuit. In order to demonstrate one important feature, we simulate for the SRM wire a kind of magnetisation experiment.
Imagine the 1.1 m long SRM wire is wound on a typical test mandrel for ITER wires and exposed to the external magnetic field H. The ends of the wire are soldered with negligible joint resistance. The (uniform) magnetic field is parallel to the mandrel axis and is swept with a constant derivative (defined below). It induces an e. m. f. with a constant amplitude (here Vo= 30 pV) across the sample, which depends on the magnetic cross-section of S,,,=8.42*10-3 m2. This result in a current induced mostly along the wire axis. The current is defined by the e. m. f.., the air-core the wire due to the effective resistance (VIZ is between the nodes 1, 2 in Fig. 3 ; Rj is set to zero, the influence of the selffield is taken negligible). The temperature is kept constant during the field cycle and varied. The magnetic field is swept between zero and the value Mmax> Bc2(T,Vo). (5) and (6) when assuming similar simplifications. When accounted for the important difference in the displacement currents between the e-and m-fluxes, this result in: 1-p=l-ulx. The mathematical properties of the AH solution are soft. Therefore, prior to storing the experimental data by the formula, the built-in links between the micro-and macroscopic quantities must be verified. As a magneton is a "wave", one might expect a link between V c ( n and the gap energy to be the same as 
V. CCINCLUSIONS
A library of plug-and-play high current, high field superconducting components is developed and implemented in the simulation software code PSPICE. The current concepts relevant to the software developments were briefly described and as an example a qualitative: theory describing a high field, high current superconductor is outlined.
